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Abstract 
In this work, a new algorithm is proposed to compute single particle (infinite dilution) 
thermodiffusion using Non-Equilibrium Molecular Dynamics simulations through the 
estimation of the thermophoretic force that applies on a solute particle. This scheme is shown 
to provide consistent results for simple Lennard-Jones fluids and for model nanofluids 
(spherical non-metallic nanoparticles + Lennard-Jones fluid) where it appears that 
thermodiffusion amplitude, as well as thermal conductivity, decrease with nanoparticles 
concentration. Then, in nanofluids in the liquid state, by changing the nature of the 
nanoparticle (size, mass and internal stiffness) and of the solvent (quality and viscosity) 
various trends are exhibited. In all cases the single particle thermodiffusion is positive, i.e. the 
nanoparticle tends to migrate toward the cold area. The single particle thermal diffusion 
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coefficient is shown to be independent of the size of the nanoparticle (diameter of 0.8 to 4 
nm), whereas it increases with the quality of the solvent and is inversely proportional to the 
viscosity of the fluid. In addition, this coefficient is shown to be independent of the mass of 
the nanoparticle and to increase with the stiffness of the nanoparticle internal bonds. Besides, 
for these configurations, the mass diffusion coefficient behavior appears to be consistent with 
a Stokes-Einstein like law. 
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1. Introduction 
Among the transport phenomena, thermodiffusion (Soret effect), which couples mass and heat 
fluxes1, is probably the one for which the modeling of the corresponding transport property is 
the less satisfying in condensed phase despite recent improvements in simple fluids2-4, 
polymers5,6 or colloids7-9. It should be noted that this improvement is largely due to the fact 
that experimental measurements of this property, which are hard to handle because of thermal 
convection, have been strongly improved during the last decade and provide now consistent 
values using different experimental techniques10.  
One possibility to improve the modeling and the knowledge of the microscopic mechanisms 
of this cross effect is the use of molecular dynamics (MD) simulations on model systems. 
Such an approach has already proves its efficiency, at least concerning the microscopic 
mechanism responsible of thermodiffusion on rather academic systems, Lennard-Jones binary 
mixtures11-14 and ternary ones15, molecular fluids16-19, associative mixtures20, reactive 
mixtures21, ionic systems22, polymer23, and fluids in porous media24-26. Concerning the 
modeling of thermodiffusion using MD results, we can mention in particular the work of 
Galliero et al.27 on the mass effect in Lennard-Jones (LJ) mixtures and the work of Artola and 
Rousseau28 which has shown the pertinence of some thermodynamic models to predict 
thermodiffusion in peculiar LJ mixtures. 
Nevertheless, in dilute systems, thermodiffusion (or equivalently thermophoresis) was hardly 
accessible by molecular dynamics despite an obvious interest. This is due mainly because of 
the too poor statistics in such systems when using usual equilibrium or non-equilibrium MD 
algorithms11,17,29. In addition, when the solute particle is large compared to the solvent, as it is 
often the case in systems studied experimentally, the mass diffusion process becomes 
particularly low. So the simulation duration needed to perform the computation of 
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thermodiffusion using MD becomes too large to be reasonably accessible despite the 
continuous increase in computational power.  
Therefore, the main aim of this work is to provide a new MD procedure to allow the 
computation of infinite dilution (single particle) thermodiffusion in model systems. In 
particular, this new scheme will be applied to model nanofluids, i.e. dense fluids containing 
nanoparticles described as in Vladkov and Barrat30, which have raised a large interest in 
thermal science due to their abnormally large thermal conductivity31,32. It should be 
nevertheless mentioned that the results provided here deal with small non-metallic 
nanoparticles (diameter up to 4nm) in a LJ fluid and not “true” nanofluids for which thermal 
conductivity has exhibited this special behavior.  
The new MD scheme relies on the estimation of the thermophoretic force on a solute particle 
induced by a fluid subject to a thermal gradient. This enables, assuming a Stokesian behavior 
of the system, the direct knowledge of the single particle thermal diffusion factor 
(characteristic of the thermodiffusion amplitude). The approach proposed here is noted Single 
Particle Thermodiffusion Algorithm (SPTA) in the following. In addition, through the MD 
computation of the mass diffusion coefficient, the single particle thermal diffusion coefficient 
is deduced as well. 
In a first part is provided the thermodiffusion formalism as well as the way the fluid and 
nanoparticles are modeled. In addition, the new molecular dynamics SPTA proposed is 
described in details together with the technical details of the simulations. Then, in a second 
part, the SPTA is validated through a comparison with what can be extrapolated from usual 
boundary driven Non-Equilibrium MD (NEMD) results for finite concentration, first on 
simple LJ mixtures and second on nanofluids. Finally, the SPTA is applied on various 
nanofluids for which the nature of the solvent (quality and viscosity) and of the solute 
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nanoparticle (size, mass and internal stiffness) is changed to study the various influences of 
these physical parameters on the thermodiffusion in such model systems. 
2. Theory and Modelling 
2.1. Thermodiffusion 
The diffusive mass flux of component 1, J1, in a binary mixture experiencing a temperature 
gradient and in mechanical equilibrium is well described, close to equilibrium, by1: 
 ( )[ ]TDwwwD T∇−+∇−= 111121 1ρJ  (1) 
where ρ is the density, w1 the mass fraction of component 1, T the temperature, D12 the 
mutual mass diffusion and DT the thermal diffusion coefficient (also termed thermophoretic 
mobility). 
When the steady state is reached, the two contributions to the mass flux J1, due to mutual 
diffusion and to thermodiffusion, balance each other and the Soret coefficient can be defined 
as: 
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where x1 is the molar fraction of component 1. To quantify the amplitude of the 
thermodiffusion effect relatively to that of mass diffusion it is more convenient to use the 
dimensionless thermal diffusion factor defined as : 
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D
TTS TTT ==α  (3) 
In this work, the solute is defined as component 1 and the solvent as component 2. Thus, a 
positive αT means that the solute particles tend to migrate, relatively to the solvent, towards 
the cold areas. 
2.2. Interactions potential 
2.2.1. Solvent 
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To model the solvent-solvent interaction, the usual truncated Lennard-Jones 12-6 (LJ) 
potential is used on spheres: 
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where σ is the distance at which the potential is equal to zero (the “atomic diameter”), εij the 
potential depth and rij the distance between atoms i and j. The cutoff radius, rc, has been set to 
2.5σ. LJ molecular parameters have been taken to be those of an Argon like fluid: σ=3.405 Å, 
ε=996 J.mol-1. In addition, except when stated, a molar mass ms=0.04 kg.mol-1 has been used. 
2.2.2. Nanoparticles 
The nanoparticles are quasi-spherical and composed of atoms, having the same molecular 
parameters than those of the solvent, which are distributed on a FCC crystal as in the work of 
Vladkov and Barrat30. Interactions between nanoparticle atoms are described by a LJ 
potential, Eq. (4), and those within the nanoparticules are linked to their nearest neighbours 
through a Finite Extensible Nonlinear Elastic (FENE) bonding potential33: 
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where R0 is a finite extensibility and κ a spring constant. In this work, except when stated, the 
FENE parameters were set to R0=1.5σ and κ=30ε/σ2, which allows simulations with relatively 
large time steps. It should be noted that, with such parameters, the distance between bonded 
atoms is peaked on 0.97σ. 
In addition, to avoid clustering effects, for atoms belonging to different nanoparticles, a cutoff 
radius equal to 21/6σ (WCA potential34) has been taken which means that nanoparticles are 
purely repulsive to each other. 
To modify the quality of the solvent (or equivalently the wetting properties between the 
nanoparticles and the solvent), the energy parameters of the cross interaction is expressed by: 
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 ij ij i jkε ε ε=  (6) 
where kij is a parameter taken between 0.5 (bad solvent) and 1.5 (good solvent) which is of 
great importance on the amplitude14, and even the sign28, of thermodiffusion in simple LJ 
fluids. 
To estimate the diameter of a nanoparticle, as it presents some FCC facets, the radius of 
gyration, Rg, was estimated during the simulation using: 
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where Np is the number of atoms in the nanoparticle and rc.m. the position of the nanoparticle 
centre of mass. Assuming a homogeneous mass distribution, the effective outer diameter of 
the nanoparticle, dNP, can be estimated using: 
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In this work, various nanoparticle sizes have been simulated, see table I. In real units, as 
σ=3.405 Å, the range of nanoparticle diameter tested goes from 0.8 to 4 nm which remains 
small compared to usual nanofluids. In fact, it should be noted that a more usual diameter of 
10 nm (which remains nevertheless a small value), would imply around 2.5 104 atoms in the 
nanoparticle ( 3/1pNP Nd ∝ ) and at least 2.5 105 in the fluid. This would lead to an inaccessible 
CPU time cost of at least 105 hours on a recent supercomputer to obtain one value of the 
thermal diffusion factor by MD simulation. 
2.3. Measurement of mass diffusion  
In order to deduce the thermal diffusion coefficient from the thermal diffusion factor, one 
needs the mass diffusion coefficient, see Eq. (3). This coefficient has been obtained during 
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separate equilibrium MD simulations from the mean-squared displacement of the centre of the 
mass of all fluid molecules, ..mcir∆ , using: 
 
( ) ( )
t
rN
mx
mxmx
xxD
mc
i
6
11
2
..
2
22
2
2211
2112
∆






+=  (9) 
where N is the total number of particles, t the time and mi the mass of particle i. 
2.4. Computation of the thermodiffusion: usual Non Equilibrium MD 
To compute thermodiffusion in concentrated systems the Non Equilibrium Molecular 
Dynamics approach of Müller-Plathe and Reith29 has been used. In this scheme, a biperiodical 
heat flux is imposed to the simulation, and after a transient state, the thermal diffusion factor 
can be deduced using eqs. (2-3) and the measured temperature and molar fraction profiles. An 
example, on a half simulation box, of the profiles obtained is shown on figure 1. It is 
interesting to note that, as expected from Eq. (2), the molar fraction gradient can be non linear 
in nanofluids when the nanoparticles molar fraction is low and αT is large as in figure 1. In 
addition, as a by-product, the effective thermal conductivity can be deduced using the 
Fourier’s Law and the temperature profile. 
To impose the heat flux, the simulation box is divided into Ns slabs, of identical thickness and 
volume. Slabs 1 and Ns are defined as the “hot” ones and slabs Ns/2 and Ns/2+1 as the “cool” 
ones. The heat flux is generated by an exchange, at a given swapping frequency for both half 
simulation boxes, of the solvent particle that has the lowest kinetic energy (from the “hot” 
slab) with the one that has the highest kinetic energy (from the “cold” slab). The four slabs 
where the exchanges are performed, as well as their first neighbors, have been discarded to 
measure the profiles. 
2.5. New scheme to compute the single particle thermal diffusion factor. 
When the concentration of the solute becomes too small, the usual MD approaches to estimate 
thermodiffusion, such as the one presented in the previous section, are inefficient mainly 
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because of the too poor statistics. In addition, when the solute particle is large compare to the 
solvent molecule, the mass diffusion process (associated to the thermodiffusion characteristic 
time1) is very slow and the MD simulations need to be performed for a very long duration. 
Therefore, in order to study the thermodiffusion in dilute nanofluids using molecular 
dynamics a new approach is proposed to deduce the single particle (SP) thermal diffusion 
factor, SPTα , which corresponds to the infinite dilution limit. 
Let us consider a single particle (solute) in a fluid (solvent) subjected to an established 
thermal gradient. This particle experiences a thermophoretic force, FT, which in turns will 
induce a velocity drift of the particle, vT, proportional to the temperature gradient in dilute 
systems: 
 TD SPTT ∇−=v  (10) 
where SPTD  is the single particle thermal diffusion coefficient. 
If we consider that this velocity drift is small enough (the particle Reynolds number is small 
in the cases treated here) and that the time of the analysis is long enough (typically on the 
order of a few nanoseconds), inertial forces can be neglected. In that case, the hydrodynamic 
force related to friction (Stokes drag) acting on the particle, Fh, is linearly related to the 
velocity of the sphere, v, through: 
 vF ξ−=h  (11) 
where ξ is the friction coefficient (usually expressed as proportional to the solvent viscosity 
and the hydrodynamic radius of the sphere35). 
The force balance implies 0=+ Th FF  which induces that the velocity drift due to the 
thermophoretic force writes as: 
 ξ
T
T
F
v =  (12) 
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Moreover, if we assume that a Stokes-Einstein law36 applies between the single particle mass 
diffusion, SPD12 , and friction, we have: 
 ξ
TkD BSP =12  (13) 
Finally combining Eq.(10) with Eqs.(12-13), we obtain that the single particle thermal 
diffusion factor, SPTα ,  in such systems can be expressed as: 
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Such an expression implies that the measurement of the thermophoretic force acting on the 
particle for a given thermal gradient provides a straightforward estimation of the thermal 
diffusion amplitude in such dilute systems. In addition, if the single particle mutual diffusion 
coefficient, SPD12 , is known, the single particle thermal diffusion coefficient can be deduced 
from: 
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 (15) 
In order to measure the thermophoretic force, FT, acting on the particle using molecular 
dynamics simulations, a simple scheme is proposed. 
First, an initial system composed of two particles and the fluid is constructed. The two 
particles that are centered around Lx/4 and 3Lx/4, Lx being the size along x of the simulation 
box, are attached to the reference frame of the simulation box through a harmonic potential 
with a spring constant: 
 230 σ
ε
κ Ch =   (16) 
where C is a numerical constant below unity and set to ≈0.1 in order to weakly perturb the 
system. Then, the NEMD approach described in the previous section is applied to generate a 
bi-periodical linear thermal gradient to the simulation box in the direction x. After a transient 
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state, the location of the centres of mass of the two particles will be displaced relatively to 
their point of fixation because the thermophoretic force applies on them. The measure of this 
displacement for both particles, ∆x, provides an estimation of the amplitude of the 
thermophoretic force, FT, that applies on each particle through: 
 xF hT ∆= κ  (17) 
To be consistent with the sign convention of the thermal diffusion factor, FT is counted 
positively when the displacement goes against the thermal gradient. It should be noted that 
this scheme is similar to the experimental approach used in Albanese et al.37 to study thermal 
radiation forces produced by heat flow through solid slabs in nonisothermal liquids. 
2.6. Technical details of the simulations 
The simulation box is cubic. A reduced timestep, δt*=δtε 1/2m -1/2σ -1, varying from 0.001 to 
0.004 has been used. To integrate the equation of motion the Velocity Verlet algorithm has 
been applied. In a first step, to obtain the desired temperature and pressure, Berendsen 
thermostat and barostat were used38 during at least 105 timesteps. Then, nonequilibrium 
molecular dynamics runs have been performed to collect the results. To avoid nonlinearity in 
the temperature profile and phase transitions during the NEMD simulations, a weak reduced 
energy flux, e.g. in figure 1, 2/12/33* mJJ UU
−
= εσ , ranging from 0.02 to 0.006, has been 
applied (which corresponds to an exchange period of 50-150 timesteps). 
Simulations on nanofluids have been performed on systems composed of 4000 to 21794 
atoms (solute +solvent) depending on the size of the nanoparticle to avoid as much as possible 
finite size effects and interactions between nanoparticles in the case of the new scheme 
proposed. All nanofluids simulations have been performed at T*=kbT/ε=1 and P*=Pσ3/ε=1 
which corresponds to a dense liquid state (ρ*=Nσ3/V≈0.8 in a pure LJ fluid for such 
conditions). After the transient state, runs of 2 to 4 107 timesteps were used to obtain the 
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thermal diffusion factor for classical NEMD simulations. Concerning the SPTA, four 
independent runs of 5-20 106 each have been carried out.  
To generate the initial nanofluid systems a FCC bulk arrangement of atoms is constructed. 
Then, random atoms are chosen as centre of nanoparticles and, avoiding the overlap, the 
atoms located within the radius of the nanoparticles are linked to their first neighbours by the 
FENE bond. 
Concerning simulations on simple fluids mixtures, as previously done14, they have been 
performed on systems composed of 1500 LJ particles for duration varying from 2-8 107 
nonequilibrium timesteps. 
For the computation of mutual diffusion, four independent runs of 106 timesteps have been 
performed at equilibrium for each system. As expressed in Eq. (9), the slope of the mean-
squared displacement versus time was calculated during the linear regime. 
3.  Results 
3.1. Preliminary study 
3.1.1. Simple fluids 
The first point was to analyse the validity of the proposed method to evaluate the single 
particle thermal diffusion factor, SPTα , in simple dense LJ binary mixtures. In fact, this 
approach is based on “macroscopic” liquid state assumptions and is therefore, a priori, limited 
to large particle immersed in a liquid. Nevertheless, it has been shown that the definition of a 
Stokes-Einstein like law at this scale makes sense39-40 with an appropriate friction factor,  ξ. In 
addition, the final relation of Eq. (14) derived for SPTα  only implies the thermal gradient and 
the thermophoretic force and so does not need an explicit formulation of the friction factor ξ.  
The first mixture tested is composed of species having the same molecular parameters (σ1=σ2 
and ε1=ε2) except that m1/m2=10 (isotope like mixtures) i.e. ideal ones in the thermodynamic 
sense. Two thermodynamic conditions have been studied, one corresponding to a dense liquid 
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at T*=1 and ρ*=0.8 and the second one to a dense supercritical gas at T*=1.686 and ρ*=0.477 
that was studied previously14. In addition, results have been compared with the correlation 
recently proposed27 to predict thermodiffusion in such systems. 
Results shown on figure 1 clearly reveal that, the proposed approach to compute the infinite 
dilution values of αT is consistent with what could be extrapolated from the values obtained 
by classical NEMD simulations. It is interesting to note that, despite the underlying 
assumptions see section 2.5., this new approach is able to provide reasonable result for both 
molar fraction limits (x1→0 and x1→1) and for both states. Besides, the results provided by 
the correlation provided in Ref. 27 are in agreement with the MD ones despite non-negligible 
deviations (up to 15 %). 
The second mixture is a n-decane/methane (modelled by LJ spheres) one at T*=1.686 and 
ρ*=0.477 previously studied15. By using the SPTA, it has been found that 9.17.8
01,
±=
→
SP
xT
α  
and 3.08.0
11,
±=
→
SP
xTα  where the extrapolation of the results obtained by “classical” NEMD 
yields 55.9
01,
=
→xT
α  and 935.0
11,
=
→xT
α 15. Thus, on the LJ mixtures studied (ideal or not, 
liquid or supercritical), the SPTA is able to provide a consistent estimation of SPTα . 
Besides, it is worth noting that the possibility of obtaining the SPTα  coefficient for such fluid 
mixtures, for both infinite dilution limits, could be valuable as well because recently proposed 
models to estimate thermodiffusion41-42 uses these data to predict the thermodiffusion on the 
whole molar fraction range. 
3.1.2. Nanofluids 
To test the validity of the SPTA when applied on nanofluids, which are the main concern of 
this work, nanofluids have been simulated for various nanoparticles volume fraction and for 
the two smallest sizes studied in this work, dNP/σ=2.4 and 4.03 at T*=1 and P*=1 
(approximately T=120 K and P=42 MPa for the molecular parameters chosen). For such 
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conditions, we have computed that the solvent viscosity ηs=1.8±0.1 10-4 Pa.s and the solvent 
self diffusion Ds=3.6±0.1 10-9 m2.s. 
Results provided on Fig. 3 confirm that the proposed SPTA is able to provide an estimation of 
SP
Tα  which is consistent with what could be extrapolated from classical NEMD results. This is 
true even it seems that the SPTA values slightly underestimate extrapolated values as in the 
previous section. This may come from the fact that for very low concentration αT becomes 
independent of concentration as particles do not see each other as noticed experimentally by 
Ning et al.43 or because of a weakness in the underlying theory as claimed by Brinquier and 
Bourdon44. 
Besides, whatever the size and the volume fraction, the nanoparticles tend to migrate towards 
the cold area; αT being always positive and rather important as seen in Fig. 3. In addition, αΤ 
decreases strongly with the nanoparticles volume fraction. More precisely, it seems that the 
values tend towards zero for large nanoparticles concentrations, i.e. >30% in volume. It was 
not possible to see whether or not a sign inversion may occur for larger volume fraction 
because such concentrations were not accessible by the scheme adopted to construct initial 
systems. The noted αT evolution with respect to the nanoparticles concentration is consistent 
with the experiments and model proposed by Ning et al.43 to describe the hard-sphere 
suspensions and the work of Rauch et al.5 on polymer suspensions. Nevertheless the decrease 
noted here is larger than what can be expected from both models. 
As a by-product of the NEMD simulations, the thermal conductivity can be obtained for the 
nanofluids studied. Figure 4 clearly shows that thermal conductivity tends to decrease with 
the nanoparticles volume fraction, this decrease being slightly more pronounced for the 
smallest nanoparticle. These trends can be explained by two antagonist effects, the thermal 
shortcuts induced by the presence of nanoparticles that are more conductive than the fluid45 
(volume effect), and the Kapitza resistance occurring at the interface nanoparticle-fluid30 
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(surface effect). For the studied systems, the surface effects predominate over the volume 
ones. 
It should be noted that the decrease of the thermal conductivity λ with the nanoparticles 
volume fraction is in contradiction with what is generally found in experimental reports on 
nanofluids31-32 whereas most of MD simulations confirm our trend30,46. Nevertheless, the here 
studied systems are far from being similar to those that are experimentally analysed. In 
particular the nanoparticles are not metallic ones (and are hence less conductive), the 
nanoparticles are smaller than in experiments and the fluid is by far simpler than water. For 
instance, it does not involve association. 
Besides, it is worth noticing that the thermal conductivity measured here is an effective one. 
Thus, it takes into account the transport of energy through the Dufour effect (the symmetric 
effect to the Soret one). Therefore, if DT is positive, this effect tends to slightly decrease the 
effective thermal conductivity1 when the concentration gradient is established, but no more 
than a few percents. 
3.2. Single particle thermodiffusion 
In this section all simulations using the SPTA have been performed so that T*=1 and P*=1 in 
the fluid. 
3.2.1. Influence of the size 
Among the parameters that may affect the single particle thermodiffusion is the size (i.e the 
radius) of the nanoparticle, as already noticed in section 3.1.2. Simulations have been 
performed for dNP/σ ranging from 2.4 to 11.59 as reported in Table I. 
From the values provided in the appendix, it first appears that the sign of SPTα  is always 
positive whatever the size (i.e. nanoparticle tends to migrate towards the cold areas) and the 
obtained values are from one to two orders larger than the one for non interacting particles8 
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(αT=1). In addition, SPTα  amplitude increases with the diameter in a monotonic way and 
roughly linearly with dNP. 
If SPTD  is deduced from the computation of SPD12  and the results obtained on SPTα , further 
information can be gathered as provided in Fig. 5. The most striking result is that SPTD  seems 
to be independent of the size of the nanoparticle, with a value that is always close to 0.7 10-10 
m
2
.s-1.K-1. It should be noted that such behaviour is consistent with findings on dilute 
polymer47-48 and nanodroplets49. Besides, as shown by figure 5, SPD12  is roughly proportional 
to the inverse of the radius of the nanoparticle which is consistent with a Stokes-Einstein law, 
Eq. (13), as ξ is proportional to the hydrodynamic radius. 
3.2.2. Influence of the nature of the solvent 
In this section and the following, we have focused our work on a nanoparticle composed of 55 
atoms (dNP/σ=4.03). 
To quantify the effect of the nature of the solvent on the single particle thermodiffusion, we 
have first evaluated the influence of the quality of the solvent by varying kij from 0.5, which 
corresponds to a bad solvent, to 1.5, i.e. a good solvent, appearing in Eq. (7). In a second step, 
we have varied the viscosity of the solvent, without modifying its affinity with the solute, 
through the modification of ms from ms/mNP =1 to 10-2, as solvent viscosity scales50 as ms1/2. 
Figure 6 shows that the quality of the solvent affects both thermodiffusion and mass diffusion. 
SP
TD  tends to increase with the quality of the solvent (as SPTα , see appendix). This is in 
agreement with previous MD works on different systems23,28 and with a lattice model 
described in Ref. 51. But, in the range of the kij values tested, no sign inversion has been 
noticed.  
SPD12  has an opposite behaviour as proved by figure 6. It decreases, nearly linearly, with the 
quality of the solvent. Such behaviour can be understood by the fact that increasing kij will 
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imply that more solvent particle will be structured or adsorbed around the nanoparticle. As a 
consequence the hydrodynamic radius will be larger and the mass diffusion coefficient will 
decrease in consequence. 
As clearly shown on Fig. 7, both SPTD  and SPD12  strongly decrease with the viscosity of the 
solvent. More precisely they are both nearly proportional to ηs-1 (or equivalently to Ds). It 
should be noted that, concerning SPTD  in dilute polymer solutions, such dependence to the 
viscosity with a ηs-1 behaviour, has been emphasized in a recent experimental/theoretical 
work48. 
These behaviours are consistent with the fact that increasing the solvent viscosity leads to an 
increase of the friction coefficient ξ that is usually assumed35 to be proportional to ηs. Hence, 
this increase leads to a decrease of SPD12  and SPTD , Eqs. (13,15), if we assume that the 
thermophoretic force, FT, is weakly dependent on ms. Concerning this last point, the fact that 
SP
Tα  slightly decreases with ms, as shown in the appendix, implies that FT is not perfectly 
independent of ms for the system studied. This may be explained by the fact changing ms, 
apart from modifying ηs, does affect the thermal conductivity of the solvent (λs is 
proportional50 to ms-1/2). Hence, we can suspect that FT is affected by a modification of the 
difference (or the ratio) between λs and λNP, as explicitly done in some theoretical models to 
predict thermodiffusion8,52. 
3.2.3. Influence of the nature of the particle 
To analyse a possible influence of the internal dynamic of the nanoparticle, two parameters 
were varied while keeping those of the solvent constant: the mass of the nanoparticle atoms, 
mNP (from mNP/ms=1 to 50), and the strength of the intramolecular interaction through the 
modification of the “spring” constant κ (ranging from 10ε/σ2 to 90ε/σ2) appearing in the 
FENE potential, Eq. (5). 
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Contrary to what occurs in simple LJ fluids27, results shown on Fig. 8 indicate that SPTD  seems 
to be independent of mNP, whereas SPD12  decreases weakly with mNP. This last result indicates 
that the particles are too small to behave like Brownian ones (for which SPD12  is independent 
of mNP) as noted as well in previous works for similar systems40,53. 
Another interesting point is that by changing the mass mNP, λNP is modified because, as the 
FENE potential is weakly anharmonic, λNP should roughly be proportional to (κ/mNP)1/2. 
Therefore the ratio between λNP and λs evolves in the same way than in the previous section, 
i.e. proportionally to (mNP/ms)-1/2. This may explain why SPTα  evolves versus mNP/ms in the 
same way than in the previous section, as shown in the appendix. 
As shown in Fig. 9 and contrary to the mass mNP, the nanoparticle internal stiffness, κ, which 
affects45 λNP, has a non negligible influence on SPTD . The larger the spring constant κ is, the 
larger SPTD  (and λNP). In addition SPTα  increases with κ, see Appendix. This result clearly 
shows that the internal degrees of freedom of the nanoparticle affects thermodiffusion 
whatever is the coefficient to quantify it, SPTD  or 
SP
Tα . 
Concerning SPD12 , its behaviour with κ is similar to the one of SPTD  in a less pronounced 
manner as illustrated by Fig. 9. In fact, increasing κ generates two effects: the nanoparticle is 
more conductive and the radius of the nanoparticle slightly decreases, e.g. dNP/σ=4.26 when 
κ=10ε/σ2 and dNP/σ=3.79 when κ=90ε/σ2. Thus, the hydrodynamic radius decreases with κ 
and so SPD12  increases with κ when assuming a Stokes-Einstein like behaviour. 
4.  Summary and Conclusions 
In this work, we provide a new simple scheme to compute, using Non Equilibrium Molecular 
Dynamics simulations, the Single Particle (infinite dilution) thermodiffusion in dense fluids 
which is not accessible in a reasonable amount of time using standard MD scheme.  
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In a first part, by a comparison with extrapolations from finite concentration results using 
standard NEMD simulations, this scheme is shown to be efficient in ideal and non ideal 
Lennard-Jones binary mixtures as well as in model nanofluids. These last being described by 
a LJ fluid + quasi-spherical nanoparticles composed of atoms distributed on a FCC crystal and 
interacting through LJ potential plus FENE bonding with the nearest neighbours. For these 
systems it appears that the thermodiffusion and thermal conductivity amplitudes decrease with 
nanoparticles concentration for both nanoparticles sizes tested. 
Then, using the proposed scheme, the influence of the nature of the solvent and of the particle 
on the single particle thermodiffusion is estimated in these model nanofluids. It appears that, 
in all cases studied here, the nanoparticle tends to migrate towards the cold area and that both 
the nature of the solvent and the nature of the particle affect the thermodiffusion amplitude. 
The most striking result is that the thermal diffusion coefficient is shown to be independent of 
the size of the nanoparticle on the range tested (dNP = 0.8-4 nm), whereas the mass diffusion 
coefficient is roughly proportional to the inverse of the nanoparticle diameter (consistent with 
the Stokes-Einstein law). Concerning the influence of the nature of the solvent, it appears that 
SP
TD  (and SPD12 ) is nearly proportional to the inverse of the solvent viscosity and increases 
with the quality of the solvent. Besides, it is shown that SPTD  is unaffected by the mass of the 
nanoparticle atoms whereas SPD12  slightly decrease with mNP (i.e. nanoparticles studied here 
are not Brownian particles). Finally, results indicate that both SPTD  and SPD12  increase with the 
value of the internal stiffness of the nanoparticle (through the modification of the spring 
constant κ). 
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Appendix : 
Single particle thermal diffusion factor results for the various nanofluids studied in this work. 
dNP/σ mNP (kg.mol-1) ms (kg.mol-1) κσ2/ε kij SPTα  
2.4 0.04 0.04 30 1 8.4±1.5 
4.03 0.04 0.04 30 1 20.1±4.1 
5.98 0.04 0.04 30 1 35.4±7.4 
7.73 0.04 0.04 30 1 52.8±10.5 
9.75 0.04 0.04 30 1 62.5±15 
11.59 0.04 0.04 30 1 91±50 
4.03 0.04 0.02 30 1 19.8±3.9 
4.03 0.04 0.008 30 1 24.0±6.4 
4.03 0.04 0.004 30 1 23.5±7.6 
4.03 0.04 0.002 30 1 26.1±7.8 
4.03 0.04 0.0008 30 1 27.6±9.1 
4.03 0.08 0.04 30 1 22.2±4.3 
4.03 0.2 0.04 30 1 23.5±4.5 
4.03 0.4 0.04 30 1 23.4±6.8 
4.03 0.8 0.04 30 1 25.5±6.5 
4.03 2.0 0.04 30 1 28.1±6.5 
4.03 0.04 0.04 10 1 13.1±2.5 
4.03 0.04 0.04 20 1 18.5±4.5 
4.03 0.04 0.04 60 1 23.75±4.2 
4.03 0.04 0.04 90 1 25.6±6.3 
4.03 0.04 0.04 30 0.5 8.5±2.9 
4.03 0.04 0.04 30 0.75 16.7±4.5 
4.03 0.04 0.04 30 1.25 23.4±4 
4.03 0.04 0.04 30 1.5 25.4±3.5 
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Table: 
Table I: Relation between numbers of atoms inside a nanoparticle and its effective diameter 
for the various sizes tested. 
Np 13 55 177 381 767 1289 
dNP/σ 2.4 4.03 5.98 7.73 9.75 11.59 
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Figure captions: 
Figure 1 : Stationary temperature and nanoparticles molar fraction profiles in a half 
simulation box (dNP/σ=4.03 and nanoparticles volume fraction equal to 7.31 %) 
Figure 2: Thermal diffusion in “isotopic” LJ mixtures (m1/m2=10, σ1=σ2 and ε1=ε2) for two 
states, circles correspond to T*=1 and ρ*=0.8, squares correspond to T*=1.686 and ρ*=0.477. 
Open symbols have been obtained using the usual NEMD approach and full symbols through 
the SPTA. Dotted lines correspond to the correlation proposed in Ref. 27. 
Figure 3: Thermal diffusion factors versus nanoparticles volume fraction for two nanoparticle 
sizes, dNP/σ=2.4, circles, dNP/σ=4.03, squares. Open symbols correspond to usual NEMD 
results, full symbols to SPTA ones. 
Figure 4: Thermal conductivity in nanofluids for two nanoparticles sizes, dNP/σ=2.4, circles, 
dNP/σ=4.03, squares. Full up triangle corresponds to the pure fluid value. 
Figure 5: Single particle thermal diffusion coefficient and mutual diffusion versus the inverse 
of the diameter of the nanoparticle. Circles correspond to SPTD  and squares to SPD12 . 
Figure 6: Influence of the quality of the solvent on SPTD , circles, and SPD12 , squares. 
Figure 7: Influence of the viscosity of the solvent on SPTD , circles, and SPD12 , squares. 
Figure 8: Influence of the mass of the atoms constituting the nanoparticle on SPTD , circles, 
and SPD12 , squares. 
Figure 9: Influence of the spring constant of the FENE potential, κ, on SPTD , circles, and 
SPD12 , squares. 
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Figure 2 
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Figure 3 
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Figure 4 
NP volume fraction
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
mNP/ms
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Figure 9 
κσ2/ε
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